Nitrogen doped ordered mesoporous carbons (NOMCs) with a 3-D body-centered cubic pore structure with uniform pore size of 2.9-3.0 nm and high BET surface area of 583-847 m 2 g À1 have been
Introduction
Ordered mesoporous carbons (OMCs) with highly ordered pore channels have unique characteristics, such as high surface area, chemical inertness and good electrical conductivity, thereby showing potential applications in a wide range of research elds. 1 Compared to the traditional hard-templating method (nanocasting strategy) to produce OMCs, the so-templating route based on organic-organic self-assembly is particularly more attractive due to the avoidance of many drawbacks such as multistep synthesis, consumption of time, and high cost.
2-4 So far the organic-organic self-assemblies are mainly successfully applied for phenolic resins, which are oen condensed by acidic or basic catalysts in the presence of the surfactant template, during the formation of mesostructures. [5] [6] [7] Considering commonly used catalysts (NaOH and HCl) would result in the corrosion of the equipment and the pollution of halogenide ions, some alternative and green catalysts such as citric acid, 8 amino acid, 9,10 phosphonic acid 11 and ammonia aqueous solution 12 were recently developed to catalyze the polymerization of resorcinol/formaldehyde (RF) resin, which is more exible and convenient. Meanwhile, instead of the widely used precursor of RF resin, some other carbon precursors were also developed.
13
Through self-polymerization of dopamine and spontaneous coassembly of diblock copolymer micelles, nitrogen-doped mesoporous carbon spheres with large pores of $16 nm has been obtained.
1 Hexamethylenetetramine (HMT) was demonstrated to be a release source of formaldehyde towards the selfassembly synthesis of RF-based OMCs through employing resorcinol and HMT as precursors.
14 However, the resultant carbon materials have only a common 2-D hexagonal mesostructure. And the hydrothermal synthesis was performed under the relative high temperature of 100-220 C.
Despite the great progress in the synthesis of OMCs, there are only a few reports on the syntheses of OMCs with 3-D cubic structure based on RF resin and F127. 15 Recently, Liu et al.
reported the preparation of OMCs with Im 3m structure through aqueous self-assembly of RF resin and F127.
12 They demonstrated that the optimal reaction temperature for the formation of ordered mesostructures was $80 C, whereas no product could be obtained below 70 C. Additionally, the obtained carbons had large particle size of approximately 5-15 mm, which was disadvantage for some applications, such as supercapacitor electrodes materials, due to their inherent long diffusion path way.
16,17
In addition, previous studies have revealed that doping nitrogen into the carbon matrix can enhance the electrical, and structural characteristics of carbons, [18] [19] [20] [21] endowing them with excellent performance in supercapacitors [18] [19] [20] Herein, nitrogen doped OMCs (NOMCs) with body-centered cubic structure (Im 3m) were synthesized through a low-temperature autoclaving (LTA) route at 60 C in the presence of resorcinol and HMT as carbon precursors under basic conditions. A detailed examination of synthesis parameters including the autoclaving temperature and time was carried out. Their potential applications as electrodes materials for supercapacitors and as adsorbents for CO 2 capture were evaluated. The 900 C-carbonized samples exhibit high specic capacitance of up to 193 F g À1 at 1.0 A g À1 in 6 M KOH aqueous solution and display a good rate performance due to the uninterrupted mesoporous channels that favor rapid ion diffusion while a proper number of micropores offer large surface area. The CO 2 adsorption capacities reach 4.7 and 3.54 mmol g À1 at 0 and 25 C, respectively.
Experimental section

Synthesis
NOMCs were synthesized by a LTA method. In a typical synthesis, 1.1 g of resorcinol and 2.5 g of F127 were dissolved in 50 mL of water at room temperature, followed by the addition of 0.701 g of HMT. Aer being stirred for 30 min, 1.8 g of 37 wt% ammonia solution was added dropwise under tempestuously stirring. The reaction mixture was further stirred for another one hour, and was then transferred to a Teon-lined autoclave and heated at 60 C for 1-4 d. The black solid product was recovered by ltration, washed with water and dried in an oven at 100 C. Carbonization was carried out in a tubular furnace under an inert atmosphere (N 2 ow) with the heating rate of 1 C min À1 , and then keeping the temperature for 2 h. The nal product was denoted as HMC-x-yd, wherein x represents the autoclaving temperature, y refers the autoclaving treatment time (d in unit).
Characterization
Powder X-ray diffraction (XRD) pattern was performed on a Rigaku D/max-2500 diffractometer, with Cu Ka radiation (l ¼ 1.5406Å) at a scanning rate of 0.01 s À1 . Transmission electron microscopy (TEM) measurements were recorded using a FEI Tecnai F20 microscope at 200 kV. All samples subjected to TEM measurements were ultrasonically dispersed in ethanol and drop-casted onto copper grids covered with carbon lm.
Nitrogen adsorption and desorption isotherms were measured on a Quantachrome EVO sorption analyzer at 77 K. Before measurements, the samples were degassed in a vacuum at 200 C for at least 6 h. The Brunauer-Emmett-Teller (BET) method was utilized to calculate the specic surface areas (S BET ), the pore size distributions were derived from the adsorption branches of isotherms using density functional theory (DFT) method, and the total pore volumes (V total ) were estimated from the adsorbed amount at a relative pressure P/P 0 of 0.980. Fourier transform infrared (FT-IR) spectra were collected on a Nicolet Fourier spectrophotometer, using KBr pellets of the solid samples. CO 2 sorption isotherms were measured at different desired temperatures using a QuantachromeAutosorb-1MP instrument. Prior to each adsorption measurement, the samples were degassed at 250 C for 8 h to remove the guest molecules from pores.
Electrochemical measurements
Electrochemical measurements were conducted with a threeelectrode electrochemical cell with 6 M KOH aqueous electrolyte on IM6 and ZENNIUM electrochemical workstation. The standard three-electrode electrochemical cell was fabricated using platinum sheet as the counter electrode, and Ag/AgCl as the reference electrode. The working electrodes were prepared by mixing the active material, acetylene black and polytetrauoroethylene (PTFE) binder with a weight ratio of 85 : 10 : 5. Aer coating the above slurry onto the nickel foam current collector (1 cm Â 1 cm), the electrodes were dried at 70 C overnight before pressing under a pressure of 10 MPa. The cyclic voltammetry (CV) voltage scanning range was from À1.0 to 0 V, with the scan rate from 5 to 100 mV s À1 . The electrochemical impedance spectroscopy (EIS) was conducted at an amplitude of 10 mV in the frequency range from 100 kHz to 1 mHz. Galvanostatic charge-discharge cycling was also performed in the 0 and À1.0 V range in the aqueous medium at current densities in the 1.0-10 A g À1 range based on the active mass of a single electrode. The specic gravimetric capacitance of a single electrode (F g À1 ) determined from the galvanostatic cycles was calculated by means of the formula:
where I, Dt, DV, and m are the applied current, discharge time, voltage change, and the mass of active material, respectively.
Results and discussion
Material synthesis and characterization
NOMCs with body-centered cubic structure are produced under LTA conditions (Fig. 1) . Aer all reactants are dissolved, the resorcinol molecules with high hydroxyl density can strongly interact with the PEO segments of F127 through the enhanced hydrogen-bonding interactions. It has been demonstrated that under atmospheric pressure, HMT was unable to hydrolyze to form ammonia and formaldehyde below 70 C in a non-acidic aqueous solution. 22 However, under autoclaving conditions, the autogenous pressure plays an important role to promote HMT hydrolysis gradually into formaldehyde and ammonia at temperature as low as 60 C, and enhance the interaction between the molecules and induce the fast polymerization rate. Fig. 2 shows the low-angle XRD patterns of the carbon materials obtained at different autoclaving temperatures. A sharp and narrow diffraction peak at 2q value of 0.69 is observed on HMC-60-2d sample which is obtained at autoclaving temperature of 60 C, indicating the ordered mesostructure. While the autoclaving temperature increases to 80-100 C, the obtained samples shows no diffraction peak, implying their disordered mesostructure, which is probably due to too fast reaction rate under autoclaving conditions with the temperature above 80 C.
Since OMCs can be obtained at autoclaving temperature of 60 C, the effect of autoclaving treatment time on the porous structure of the resultant NOMCs was also investigated. The low-angle XRD patterns of NOMCs obtained under autoclaving treatment times of 1-4 d are shown in Fig. 3 . One wide and poorly resolved reection peak with 2q value of 0.60 is observed for HMC-60-1d. While autoclaving treatment time for 2 days, the reection peak of HMC-60-2d becomes sharp, suggesting its regularity is superior to that of HMC-60-1d ( Fig. 3b ). HMC-60-3d represents three well-resolved diffraction peaks with 2q value of 0.96, 1.37, and 1.71 ( Fig. 3c ), which can be indexed as (110), (200) and (211) Bragg reections, respectively and assigned to the body-centered cubic Im 3m symmetry. 23 The Im 3m symmetry can be further conrmed by TEM images as shown in Fig. 4 . High-quality and large-domain regularity arrangement of porous structure is clearly observed along the (110) and (111) directions ( Fig. 4a and b) . The pore size and pore wall thickness of HMC-60-3d estimated from the TEM images are 2.9 and 8.6 nm, respectively, being in good agreement with the values determined from the XRD results. The cell parameter of HMC-60-3d is calculated to be 13.3 nm, while that of HMC-60-4d is 13.0 nm (Table 1 ). Compared the samples with different autoclaving time (Table 1) , it is clearly revealed that the longer reaction time may enhance the interaction between RF resin and the polyethylene oxide (PEO) segments of F127 and improve the cross-linking degree. The SEM images ( Fig. 4c and d) show that HMC-60-3d is composed of irregularly polyhedral particles with the size of 0.3-1.5 mm.
The N 2 sorption isotherms ( Fig. 5 ) illustrate that carbonized HMC-60-yd materials have typical type-IV curves with an obvious H 2 -type hysteresis loop and a sharp capillary condensation step in the P/P 0 range from 0.4 to 0.7, corresponding to a 3-D caged mesostructure with a narrow pore size distribution. 24, 25 The HMC-60-2d sample shows capillary condensation at relative pressures of 0.4-0.65, and a narrow pore size distribution with a mean value of 3.1 nm (Fig. 5b) can be calculated by the NLDFT model. Aer the increase of autoclaving time to 3 d, HMC-60-3d exhibits a capillary condensation with a shi to low relative pressure, and the pore size is reduced to 3.0 nm, while the BET surface are and pore volume calculated to 580 m 2 g À1 and 0.31 cm 3 g À1 , respectively. The t-plot calculation reveals that the micropore volume of HMC-60-yd enlarges with increasing autoclaving time ( Table 1) . The longer the autoclaving treatment time, the stronger interaction between F127 and RF resin. The embedded PEO segments of F127 could makes more disgurement in the pore wall of the nal products, 23 which can introduce more microporosity in the carbons aer removal of templates.
Carbonizing the as-made HMC-60-3d sample at 450-900 C under N 2 atmosphere gives a resolved XRD pattern (Fig. 6 ), which suggests that highly ordered cubic mesostructure (Im 3m) is obtained. The calculation from XRD measurements reects large unit cell parameters (a) of 15.1 nm for HMC-60-3d (450). With further increasing the calcinations temperature to 600 C, three resolved diffraction peaks (Fig. 6b ) assigned to the Im 3m symmetry can be observed, but with a shi to higher 2q degree, accompanied by the decrease of the unit cell parameter to 13.3 nm. When the carbonization temperature is elevated to 800 and even 900 C (see Fig. 6c and d) , the XRD patterns still show three distinct diffraction peaks assigned to the Im 3m symmetry with unit cell parameters of 12.7 and 12.2 nm, respectively (Table 1) . This indicates that HMC-60-3d is highly thermally stable. Fig. 7 depicts the N 2 sorption isotherms of the HMC-60-3d samples carbonized at different temperatures. Typical type-IV curves with a clear condensation step at P/P 0 ¼ 0.2-0.7 are observed for HMC-60-3d(450), implying the mesoporous characteristic. The adsorption and desorption isotherms of HMC-60-3d(450) are not closed, attributed to its polymeric framework. HMC-60-3d(450) exhibits a large pore size of 3.4 nm, and a high BET surface area of 348 m 2 g À1 . The 800 and 900 Ccarbonized samples also yield typical type-IV isotherms with capillary condensation appeared at lower relative pressures, consistent with the reduced pore sizes (Table 1) . Narrow pore size distributions are observed with mean pore size of 2.9 nm for both HMC-60-3d(800) and HMC-60-3d(900) (Fig. 7b) , indicative of high thermal stability, which is consistent with the XRD results. X-ray photoelectron spectroscopy (XPS) was performed to analyze the chemical state of the NOMCs samples carbonized at different temperatures. Three obvious peaks at 285, 400, and 530 eV, corresponding to C 1s, N 1s, and O 1s, are observed (Fig. 8a) , indicating the presence of C, N, and O elements. The high resolution XPS spectrum of N 1s spectra ( Fig. 8b-d) can be deconvoluted into four type nitrogen functional groups: pyrrolic N (398.6 eV), pyrrolic N (400 eV), graphitic N (400.9 eV), and pyridine N-oxide (403 eV), respectively. 26 The relative nitrogen content rstly increased from 1.39 to 2.10 at%, and then decreased to 1.54 at% when the carbonization temperature elevated from 600 to 900 C. The initial increment of nitrogen amount is ascribed to the substitution of most of active oxygen sites by the nitrogen atoms as the carbonization temperature increased from 600 to 800 C. 27 Therefore, it can be concluded that by using this efficient LTA method, NOMCs with highly ordered cubic Im 3m mesostructure and functionalization can be easily generated, which was hardly achieved in the previous works.
Electrodes for supercapacitors
To explore the potential applications of the NOMCs, the samples carbonized at different temperatures were fabricated into electrodes. The CV response of the NOMCs carried out at scan rate of 20 mV s À1 between 0 and À1.0 V in 6 M KOH solution using a three-electrode system is shown in Fig. 9 . For all samples, CV curves retain a rectangular shape over a wide range of scan rates. No leaf-like current response appeared even at the scan rate of 100 mV s À1 (as shown in Fig. 9b ), demonstrating fast electron transfer and ion diffusion/adsorption.
28
However, compared with the samples carbonized at the temperature higher than 600 C, it is clear that the HMC-60-3d(450) electrodes exhibit a much smaller CV area, indicating a lower specic capacitance, which may be due to its low surface area and microporosity as well as its polymeric framework. The capacitance calculated from CV curves of HMC-60-3d, HMC-60-3d(800), and HMC-60-3d(900) electrode is 107, 138, and 176 F g À1 at 20 mV s À1 , respectively. The highest capacitance of HMC-60-3d(900) may be related to the moderate amount of nitrogen and its highest microporous surface area. Consistent with the CV results, all galvanostatic charge/ discharge curves show symmetric features with a fairly linear slope. As shown in Fig. 10 , the unobvious electrode-potential drops of all curves are small, indicating a low overall resistance of the obtained NOMCs. At current density of 1.0 A g 30 The superior electrochemical performance of HMC-60-3d(900) for EDLCs can be attributed to its unique structural features, i.e. the high surface area, welldeveloped mesopores and micropores and nitrogen doping. A high specic surface area leads to a high electrode-electrolyte interface for electric double layer formation, while the uninterrupted mesopores provide low-resistant pathways for ion diffusion, the micropores strengthen the charge accommodation. 28, 35, 36 Furthermore, the nitrogen functional groups bring in pseudocapacitive interactions and help the electron transfer through the carbons. In addition, small size of the NOMCs particle also plays an important role to the high capacitances. It is evident that the electrolyte solution can penetrate a larger faction of the pore structure in case of smaller particles, resulting in higher capacitance. 37 To investigated the cycling stability, 1000 cycles of charge/ discharge cycles were performed at current density of 1.0 A g À1 , as shown in Fig. 10c , HMC-60-3d(900) electrode retains up to 99.1% of its initial specic capacitance value. Fig. 11 displays the EIS spectra for the carbon electrodes. The Nyquist plots of the NOMCs consist of a small semicircle at high frequency, a line with a slope close to 45 within the middle frequency, and almost vertical line at low frequency. The intercept Z-real at very high frequency corresponds to the electric series resistance (ESR). 38 All the samples show comparable ESR of 0.13-0.21 U. The low ESR indicates the higher electrical conductivity of the carbon electrodes. The diameter of the semicircle on the Z 0 axis in the high frequency region referred to the polarisation resistance (R p ) is associated with the surface properties of the porous electrode, corresponding to the interfacial faradic charge transfer resistance. No semicircle was observed for HMC-60-3d(450) and HMC-60-3d(600), indicating the lower impedance on electrode/electrolyte interface. This may be due to the hydrophilic surface by much residual functional groups on the surface of carbon electrodes obtained under lower carbonization temperatures. The R p of HMC-60-3d(900) is as low as 0.17 U. The relatively low internal resistance of HMC-60-3d(900) in 6 M KOH aqueous solution indicates the high mass transfer/diffusion rate of ions into the pores.
CO 2 capture performance
With distinctively abundant narrow micropores and nitrogen functionality, the synthesized NOMCs have potential for applications in CO 2 capture. As shown in Fig. 12 43 It is clear that the prepared carbon materials by this simple LTA method achieve an excellent adsorption capacity for CO 2 capture. This promising CO 2 capture performance for NOMCs in our case can be attributed to the high surface area, large amounts of micropores and the nitrogen functional groups.
As discussed above, the increased CO 2 capture capacities are clearly revealed with elevating carbonization temperature. However, previous studies demonstrated that the adsorption capacity decreased with the increase of carbonization temperature due to the reducing surface basic nitrogen functional groups and slight enhancement of the textural properties. 39 In order to determine the inuence of both textural and surface chemistry properties on the performance of the obtained NOMCs, the CO 2 capture capacities are corrected according to the pore volume (V Total ), narrow micropore volume (W 0 ) and nitrogen content, 44, 45 as listed in Table 2 . Normalisation of CO 2 Fig. 11 Nyquists plot of the NOMCs carbonized at different temperatures. The inset shows the enlarged plot of higher frequency part. capacities by the total pore volume (Table 2 ) reects the inu-ence of surface chemistry properties on the CO 2 uptake, while normalisation of the capture capacities by the narrow micropore volume (Table 2 ) reveals the effect of mesoporosity and wide microporosity together with surface chemistry properties of the samples on the CO 2 uptake. 45 The sample HMC-60-3d(900) generated at 900 C exhibits the lowest capture capacities per total pore volume at 25 C, although possessing the greatest textural development in terms of total pore and micropore volumes. This indicates that higher carbonization temperature has a negative effect on the chemistry properties of the adsorbent as it reduces the chemical affinity towards CO 2 capture. 39 The nitrogen-doped carbons treated at low carbonization temperature (HMC-60-3d(600) and HMC-60-3d(800)) exhibit greater capacities per total pore and narrow micropore volume than that of high temperature treated samples (HMC-60-3d(900)), indicating the chemistry properties of the samples favor the CO 2 adsorption at low temperature (<800 C), although their microporosity is not well developed. Normalization of CO 2 capture capacities by the nitrogen content of the samples was also performed to isolate the effect of the texture on the CO 2 uptake ( Table 2 ). The samples with the largest micropore volumes (HMC-60-3d(900)) show the highest CO 2 uptakes per mmol of N, indicating that the CO 2 capture capacities of HMC-60-3d(900) were mainly physical adsorption. 44 The discussion above reveals that the CO 2 capture behavior of all the NOMCs is a combination of physical adsorption and chemical sorption, but not making an equal contribution. The CO 2 capture capacities of HMC-60-3d and HMC-60-3d(800) carbons are strongly dominated by the surface chemistry properties. The CO 2 uptake of HMC-60-3d(900) is mainly inuenced by the adsorption on the narrow micropores, less controlled by the surface chemistry properties of the adsorbents, most probably due to less affinity to CO 2 of the nitrogen functionalities present in these samples.
For practical applications, proper adsorbents must possess a high selectivity against other gases in addition to high CO 2 capture capacity. The CO 2 separation performance of the selected samples was evaluated. Fig. 13 shows the N 2 adsorption isotherms of HMC-60-3d(900) at 25 C and 1 bar, in comparison with their CO 2 adsorption isotherms. HMC-60-3d(900) exhibits N 2 adsorption capacity of only 0.26 mmol g À1 at ambient pressure, which is less than one tenth of the amount of CO 2 , suggesting that HMC-60-3d(900) could also be a potential selective adsorbent for CO 2 adsorption.
Conclusions
The LTA route is demonstrated to be a facile, cost-effective and readily reproducible synthetic approach for the preparation of NOMCs with Im 3m cubic structure at low-temperature of 60 C.
Resorcinol and HMT are employed as carbon precursor and triblock copolymer F127 as template under basic conditions. The autoclaving time $2 d are favorable for the formation of highly ordered Im 3m mesostructure at autoclaving temperature of 60 C. These NOMCs possess a moderate amount of nitrogen (1.39-2.1 at%), a large fraction of ne micropores, high surface area and uninterrupted mesopores, leading to high capacitance (193 F g À1 at 1.0 A g À1 ), excellent rate capability (174 F g À1 at 10
A g À1 ), outstanding cycling stability (99.1% capacity retention aer 500 cycles at 1.0 A g À1 ) and high CO 2 adsorption capacities (3.5 mmol g À1 , at 25 C and 780 mm Hg). The assemblies of the resin and the surfactant in the solution under autoclaving conditions may be useful for the large-scale industrial production of NOMCs materials. 
